Proteins and lipids of the plasma membrane underlie constant remodeling via a combination 31 of the secretory-and the endocytic pathway. In the yeast endocytic pathway, cargo is sorted 32 for recycling to the plasma membrane or degradation in vacuoles. In a previous paper we have 33 shown a role for the GARP complex in sphingolipid sorting and homeostasis (Fröhlich et al. 34 2015). However, the majority of cargo sorted in a GARP dependent process remain largely 35 unknown. Here we use auxin induced degradation of GARP combined with mass spectrometry 36 based vacuolar proteomics and lipidomics to show that recycling of two specific groups of 37 proteins, the amino-phospholipid flippases and cell wall synthesis proteins depends on a 38 functional GARP complex. Our results suggest that mis-sorting of flippases and remodeling of 39 the lipid composition are the first occurring defects in GARP mutants. Our assay can be 40 adapted to systematically map cargo of the entire endocytic pathway. al., 2010). Deletion of the GARP complex has been linked to multiple cellular dysfunctions.
Introduction 64
The plasma membrane forms the boundary of cells that mediates all communication and 65 transport in and out of the cell. To maintain these complex functions the composition of the 66 plasma membrane is highly regulated and needs constant remodeling. Plasma membrane intermediate dihydrosphingosine and show strong growth defects. This can be 135 reversed by addition of the serine palmitoyltransferase inhibitor myriocin to the growth 136 medium (Fröhlich et al., 2015) . To test if auxin induced degradation of the GARP 137 subunit Vps53 resembled the phenotype of the knockout we spotted cells on plates 138 containing myriocin, IAA or a combination of both. On control plates WT cells, cells 139 expressing only OsTir, cells expressing only the AID-tagged Vps53 and cells 140 expressing both, the ubiquitin ligase and the AID tag on Vps53 showed normal growth, 141
whereas vps53∆ showed a growth defect (Fig 1c, Vps53-AID OsTir strain started to grow again, showing that IAA addition to this strain 146 results in a functional knockout (Fig 1c, lower right panel) . 147
148

GARP inactivation results in vacuolar fragmentation 149
With a chemically inducible knockout of the GARP complex we wanted to test the 150 impact of the loss of a functional GARP complex on the cell and its organelles. GARP 151 knockouts cells show very strong vacuolar fragmentation phenotypes. One hypothesis 152 is that loss of GARP function results in a decrease in recycling from endosomes via 153 the Golgi to the plasma membrane and therefore accumulation of cargo at the vacuole. 154
One potential cargo are LCBs resulting from the breakdown of complex sphingolipids 155 which are speculated to cause the vacuolar defects. To test the effect of acute GARP 156 inactivation on the vacuole we tagged the vacuolar membrane protein Vph1 with a 157 GFP tag in cells expressing Vps53-AID-HA and OsTir. In a control strain harbouring 158
Vps53-AID-6HA without OsTir we labelled Vph1 with a cherry tag. To determine the 159 effect of Vps53 degradation on the vacuole we mixed the two strains of the same 160 mating type, added IAA to the cells and monitored the vacuolar morphology over time 161 (Fig 2a) . Yeast cells usually carry one to three round vacuoles, as we observed for 162 more than 70% of the cells in both strains under conditions without IAA (Fig 2b) . Over 163 time, the addition of IAA caused an increase of cells harbouring more than 3 vacuoles 164 as early as 30 mins after addition of IAA only in the strain carrying Vps53-AID-HA and 165 6 OsTir. After 90 mins of treatment this number increased to more than 65%. In contrast, 166 control cells showed no change in the vacuolar morphology over time showing that the 167 inactivation of GARP function rapidly results in changed vacuolar morphology (Fig 2b) . 168
However, this phenotype is not as strong as a VPS53 deletion suggesting that the 169 accumulation of cargo enhances the phenotype (Fröhlich et al., 2015) . 170
Taken together, we hypothesized that we can identify protein and lipid cargo that 171 is transported in a GARP dependent manner in or on purified vacuoles from cells where 172 we chemically induced GARP depletion. To test if we can purify vacuoles from yeast 173 cells with chemically depleted Vps53 we tagged Vph1 with either a GFP tag or a 174 mCherry tag in the Vps53-AID strain. We induced Vps53 depletion in the strain 175
harbouring Vph1-GFP with IAA for 90 min. We next mixed both strains and purified 176 vacuoles according to established protocols (Cabrera and Ungermann, 2008) . Purified 177 vacuoles were analyzed by live cell imaging to determine the number of purified 178 vacuoles as well as their average diameter (Fig 2c and d) . We observed a mild increase 179 in the number of purified vacuoles from IAA treated cells together with a concomitant 180 decrease in the average vacuolar diameter (Fig 2d) , suggesting that vacuoles can still 181 be purified from GARP depleted cells. It is possible that vacuoles that are further 182 fragmented are lost during purification. Together, our data show that vacuoles from 183 yeast cells with a chemically depleted GARP complex can be purified in similar 184 numbers as to untreated control cells. This suggests that early changes in the vacuolar 185 proteome and lipidome in GARP depleted cells can be determined systematically. 186
Enriched vacuoles can be characterized by MS based proteomics 187
To study the cargo that is transported to the vacuole in GARP depleted strains we 188 first established the methods for purification of the vacuoles and their analysis using 189 SILAC (Ong and Mann, 2007) labeling followed by MS based proteomics. Yeast 190 vacuoles have been characterized by mass spectrometry based proteomics before 191 (Wiederhold et al., 2009). In this study 77 proteins were identified that were annotated 192 as vacuolar proteins, equalling 42% of all annotated vacuolar proteins. In total 13% of 193 all identified proteins belonged to the vacuolar fraction. To determine the purity of 194 vacuoles in our hands, we purified vacuoles from lysine 0 labelled cells and mixed 195 them with total cell lysates from lysine 8, "heavy" labelled cells (Fig 3a) . Our analysis 196 resulted in a total of 1599 proteins yielding a SILAC ratio (Fig 3 -supplement 1 ). Of 197 these proteins 135 were identified that are annotated as vacuolar proteins. To carefully 198 analyze our data and identify contaminants we plotted the SILAC ratios of all identified 199 these proteins 78 showed a significantly increased heavy/light SILAC ratio (according 234 to significance A (Cox and Mann, 2008), P<0.05; Fig 4b) . In line with our hypothesis 235 that plasma membrane proteins, following a GARP dependent transport route cannot 236 be recycled, the most enriched group of proteins are annotated as plasma membrane 237 proteins (GO:0005886; P-value <4.74 -6 , 2.53 fold enrichment). Amongst these proteins 238 are especially the plasma membrane localized amino-phospholipid flippases Dnf1 and 239
Dnf2 as well as their adaptor protein Lem3 (Hachiro et al., 2013) . Another group of 240 enriched proteins, according to GO term analysis, belonged to fungal cell wall proteins 241 (GO:0009277; P value > 2.71 -5 , 5.9 fold enrichment). Interestingly, both phospholipid 242 flipping and cell wall maintenance have been previously linked to a functional GARP 243 complex (Conde et al., 2003; Takagi et al., 2012) The complete list of proteins identified 244
including the significant outliers is provided in supplementary table S3. 245
Motivated by our initial results we first wanted to make sure that the OsTir ubiquitin 246 ligase itself nor the addition of IAA had any specific effect on the proteome of the cell 247 in general and the vacuolar proteome specifically. Therefore, we analyzed the 248 proteomes of cell lysates and isolated vacuoles from yeast cells harboring the OsTir 249 ubiquitin ligase treated with IAA or mock treated. We did not observe changes in any 250 of the proteins significantly enriched in the cells were we degraded the GARP complex, 251 except for Pdr12 which was enriched in the cell lysate of IAA treated cells compared 252 to controls (Figure 4-supplement 2). We also did not observe changes in the previously 253 identified target proteins when we compared IAA treated cells with or without the 254 expression of the OsTir ubiquitin ligase (Figure 4-supplement 2). Together these 255 control experiments suggest that the proteins we find enriched at vacuoles are 256 depending on transport by the GARP tethering complex. 257
To further validate our results, we compared OsTir Vps53-AID-6HA cells treated 258 with IAA for 90 mins with mock treated OsTir Vps53-AID-6HA cells again. This time we 259 switched SILAC labeling to exclude any effects on protein trafficking from heavy or light 260 labelled lysine. This also allows us to plot the heavy to light SILAC ratios of the two 261 experiments against each other. The two experiments are strongly anti correlated, as 262 expected by switching SILAC labels. Importantly, many of the previously detected 263 proteins mis-targeted to the vacuole still remain strong outliers (Fig 4c) . 264
Finally, we tested if the deletion of the vacuolar proteinase A gene, PEP4, had an 265 impact on the observed proteins. If proteins reach the vacuole and are internalized, 266 they are broken down by vacuolar proteases. Thus, it is difficult to pick up peptides of 267 the proteins by MS based proteomics, since only peptides resulting from LysC 268 digestion are searched for in the experiments. A deletion of the major vacuolar 269 protease could therefore improve the identification rate of proteins that are enriched in 270 vacuoles. Overall, results from this experiment improved the overall identification rate 271 of proteins in the vacuolar samples. We again saw differences in the amino Together our data show that the amino-phospholipid flippase proteins of the 279 plasma membrane are specifically re-routed to the vacuole in cells were we induce the 280 depletion of the GARP complex. For a protein that is shifted from a recycling pathway 281 to a degradation pathway, we expected that the overall protein levels in the cell are 282 decreased, while the amount on or in the vacuolar fraction increased. We only 283 observed a small decrease in total cell lysates for Dnf1 (Fig 4e) . The protein levels for 284 Lem3 were below the detection limit in the cell lysate. In contrast, we saw the overall 285 protein levels of Pdr12 increasing in both, the vacuolar and the cell lysate sample. This 286 suggests that the expression of the multi-drug transporter Pdr12 is increased by the 287 addition of IAA (Fig 4e) . This also leads to the conclusion that Pdr12 is probably 288 transporting IAA out of the cell and a pdr12∆ strain could be more sensitive to lower 289 levels of IAA. This has to be evaluated in the future. Interestingly, we did not observe 290 any changes in the best described GARP dependent protein, the CPY receptor Vps10. 291
In both the vacuolar fraction and the cell lysate the levels of Vps10 remain unchanged 292 ( Fig 4e) . One explanation for this observation is that the levels of Vps10 at the vacuole 293 are already high in mock treated cells. This is exactly what we observe while we did 294 not detect any Dnf2 signal at the vacuole under these conditions. 295
We also hypothesized that the method we have developed to map endocytic 296 recycling cargo could be used to identify the endocytic adaptors for the proteins that 297 are recycled. Flippases have previously been linked to the Sla1 dependent endocytosis 298 (Liu et al., 2007) . However, we were not able to purify sufficient amounts of vacuoles 299 from sla1∆ cells to analyse their proteomic composition. To test our hypothesis 300 alternatively, we deleted the AP-2 adaptor complex subunit APL1 in our functional 301
Vps53-AID strain. Proteomic analysis of enriched vacuoles from "light" labelled OsTir 302
Vps53-AID-6HA cells compared to "heavy" labelled OsTir Vps53-AID-6HA apl1∆ cells, 303 both treated with IAA for 90 min revealed that the amino-phospholipid flippases Dnf1, 304
Dnf2 and Lem3 were identified at the vacuole in both strains, yielding a SILAC ratio of 305 approximately 1 (Fig 4f and Fig 4-supplement 4 ). Only three proteins involved in cell 306 wall maintenance that we have identified as enriched in vacuoles in GARP depleted 307 cells (Chs1, Cwp1 and Flc2) are lower abundant at vacuoles from AP-2 deleted OsTir 308
Vps53-AID-6HA cells (Fig 4f) . This suggests that proteins involved in cell wall 309 maintenance are constantly shuttled between the plasma membrane and the Golgi 310 using AP-2 as the endocytic adaptor complex. The endocytic adaptor for the amino-311 phospholipid flippases remains unknown. However, this observation confirms that our 312 method is useful to detect adaptor complexes for endocytic proteins. the AID-tagged Vps53. While we were unable to detect any signal for Dnf1-mNeon, 326
Dnf2 and Lem3 both localized to the plasma membrane with an enrichment at either 327 the bud or the bud neck and also some puncta (Fig 5a, c) . Importantly, we did not 328 observe any co-localization of the dots with Vph1-mCherry labelled vacuoles. When 329 we compared IAA treated to mock treated cells after 30, 60 and 90 min of treatment 330
we observed an increasing number of cells that showed Dnf1 or Lem3 signal co-331 localizing with the vacuole which we also quantified (Fig 5a,b ,c,d). This phenotype was 332 always observed in cells that had fragmented vacuoles. In comparison, mock treated 333 cells showed no increase in vacuolar Lem3 or Dnf2 signal as well as no increase in 334 vacuolar fragmentation. To control that IAA treatment itself did not affect our results 335 we analyzed Dnf2 and Lem3 localization in IAA treated cells that were either harboring 336 only OsTir or OsTir and an AID tagged version of Vps53. Here, we also observed Dnf2 337 and Lem3 localization to the vacuole only in Vps53-AID tagged cells treated with IAA, 338 thus ruling out any side effects from the IAA treatment Fig 5 supplement 1 
a, b). 339
Interestingly, both Dnf2 and Lem3 localization to the fragmented vacuoles appear 340 to colocalize with the Vph1-mCherry. This suggests that both proteins are not delivered 341 to the vacuolar lumen but instead localize to the vacuolar membrane. To test this 342 hypothesis we tagged Dnf2, Lem3, Pdr12 and as a control Itr1 c-terminally with a 343 pho8∆60 in a strain lacking both PHO8 and PHO13. If the proteins are delivered to the 344 vacuolar lumen, pho8∆60 is cleaved and becomes active. This activity can be 345 measured in a pho8 assay (Yao et al., 2017). As expected, the inositol transporter Itr1 346
shows an increase in pho8 activity after addition of inositol. In contrast, neither Dnf2 347 nor Lem3 or Pdr12 tagged with pho8∆60 showed an increase in Pho8 activity 348
suggesting that the proteins are not delivered to the vacuolar lumen ( Fig 5e) . 349
We also analyzed the localization of mNeon tagged Pdr12 and Vps10. As MS data 350 suggested, the expression levels of Pdr12 are massively increased upon treatment of 351 the cells with IAA ( Fig 5 supplement 1 d) . This confirms our hypothesis, that Pdr12 is 352 the main transporter for IAA out of the cell. Also in line with our MS data, we did not 353 observe any changes in the localization of Vps10 after the indicated times of IAA 354 treatment ( Fig 5 supplement 1 c) . 355
Depletion of the GARP complex pheno-copies a Lem3 deletion 356
The results we obtained from both, MS based proteomics and live cell imaging 357 suggest that Dnf1, Dnf2 and their adaptor protein Lem3 are mis-targeted to the vacuole 358 in cells where the degradation of the GARP complex is initiated. This suggests, that 359 the phenotypes observed in a lem3∆ strain should be pheno-copied in strains were the 360 GARP complex is depleted. To test this hypothesis we first analyzed correlation 361 coefficients of LEM3 and GARP subunits from high throughput chemical-genomics 362
screens (REF). This analysis shows a very high correlating profiles of LEM3 and 363
VPS52 with other genes involved in the GARP dependent recycling pathway, such as 364 TLG2 and VPS45 (Fig 6a) . 365 LEM3 deleted cells are highly resistant to the cytotoxic phosphatidylcholine (PC) 366 analog miltefosine (Puts et al., 2012) . We therefore spotted WT cells, vps53∆ cells, 367 lem3∆ cells, cells expressing OsTir and cells expressing both, OsTir and Vps53-AID 368 on control plates, plates containing IAA, plates containing miltefosine and plates 369 containing both, miltefosine and IAA. On control plates and IAA plates cells grew as 370 expected. Only a vps53∆ strain showed a growth defect under these conditions, as 371 reported previously. The addition of miltefosine resulted in a complete growth arrest in 372 all strains, except lem3∆ and vps53∆ (Fig 6b) . This already suggests that the vps53∆ 373 strain pheno-copies a deletion of LEM3. The addition of both, IAA and miltefosine 374 resulted in the additional growth of the Vps53-AID strain also expressing OsTir, thus 375 confirming that the strain loses the functionality of Lem3 because of its transport to the 376 vacuole. We also tested if the overexpression of Lem3 rescues the observed 377 phenotype. The Vps53-AID strain overexpressing Lem3 from the TEF promotor also 378 grew in the presence of IAA and miltefosine (Fig 6b) . This suggests that the observed 379 phenotype is also dependent on the two proteins Dnf1 and Dnf2 that form a functional 380 complex with Lem3. Overexpression of the adaptor protein should therefore not rescue 381 the phenotype. 382
We have previously shown that the deletion of the GARP subunit VPS53 results in composition. We also detected a significant 1.5 fold increase in LCBs in GARP 398 depleted cells (P=0.01525). Although similar to GARP knockouts, this is a much 399 smaller increase then we had detected previously for GARP knockout mutants 400 (Fröhlich et al., 2015) . 401
To test if we see any changes in the lipid composition of the vacuole we purified 402 vacuoles from IAA treated OsTir Vps53-AID-6HA and OsTir Vps53-6HA cells without 403 13 an AID tag and analysed their lipid composition by MS based lipidomics. In this case 404 we did not detect any significant changes for LCB levels nor for the general 405 phospholipid composition. The only exception to this was phosphatidyl-serine which is 406 significantly reduced in vacuoles of GARP depleted cells (P=0.03305; Fig 6d) . While it is clear that GARP mutations cause a CPY transport defect it seems unlikely 423 that all the other observed phenotypes are a consequence of this. To understand the 424 complexity of the phenotypes of GARP mutations it is necessary to identify the first 425 defects occurring in the cell after GARP depletion. 426
The assay we developed allows us to observe the changes appearing in the cell 427 as early as 30 minutes after depletion of the GARP complex. We observe rapidly 428 occurring re-localization of the amino-phospholipid flippases Dnf1 and Dnf2 as well as 429 their adaptor protein Lem3 from the plasma membrane to the yeast vacuole. 430
Interestingly, these proteins do not seem to reach the vacuolar lumen, suggesting that 431 the transport carriers do not fuse with the vacuole and are not destined to arrive at the 432 vacuole in WT cells. 433 We have previously suggested that the accumulation of sphingolipids causes the 445 vacuolar fragmentation in vps53∆ cells. This theory is supported by the fact that 446 depletion of sphingolipids reverses the vacuolar fragmentation defect observed in cells 447 (Fröhlich et al., 2015) . A recent report also suggests that changes in phospholipids that 448 are transported to the vacuole could result in vacuolar fragmentation (Ma et al., 2018) . in the lack of proteins delivered to the vacuole via this pathway. Alternatively, the assay 487 could be adapted to identify cargo of the AP-2 complex that is localized to the yeast 488 plasma membrane (Rad et al., 1995) . But in contrast to its mammalian counterpart its 489 function and cargo remain largely elusive. 490 491
Materials and methods
492
Yeast strains and plasmids 493
Yeast strains used in this study are described in supplementary table S1. 494
Plasmids used in this study are summarized in supplementary table S2. 495
Yeast media and growth conditions 496
Yeast strains were grown according to standard procedures. For spotting 497 assays, myriocin, IAA and miltefosine were added at concentrations as indicated and 498 the plates were incubated at 30°C for 48 hrs. 499
For SILAC labeling procedures yeast cells were grown in SDC-lysine medium 500 consisting of 2% glucose, 6.7g/L yeast nitrogen base without amino acids (XXX) and 501 yeast synthetic dropout without lysine (Sigma Aldrich). Pre cultures were grown over 502 night in the presence of 30mg/L normal lysine or heavy lysine (L-Lysine 13 C6 15 N2; 503 OD600=0.5-1.0before harvest. 505
Vacuole isolation 506
For Western blot analysis vacuoles were purified from 1L YPD culture. Cells 507 were incubated with 500 µM IAA or same amount abs. EtOH (for negative ctrl) at 508 
Fluorescence microscopy 520
Cells were grown to logarithmic phase in synthetic medium, supplemented with 521 essential amino acids (SDC). IAA was added at concentrations indicated. Cells were 522 imaged live in SDC media unless stated otherwise on an Olympus IX-71 inverted 523 microscope equipped with 100x NA 1.49 and 60x NA 1.40 objectives, a sCMOS 524 camera (PCO, Kelheim, Germany), an InsightSSI illumination system, 4′,6-diamidino-525 2-phenylindole, GFP and mCherry filters, and SoftWoRx software (Applied Precision, 526
Issaquah, WA). We used constrained-iterative deconvolution (SoftWoRx). All 527 microscopy image processing and quantification was performed using ImageJ 528 (National Institutes of Health, Bethesda, MD). . 529 to the filter units, shaken vigorously for 1 min and then incubated for 20 min without 569 mixing in the dark. Samples were washed four times with UA for 10 min at 14.000 rpm 570 and washed again with 50 mM ABC and three times with 20 mM. Reversed-phase 571 chromatography was performed on a Thermo Ultimate 3000 RSLCnano system 572 connected to a Q ExactivePlus mass spectrometer (Thermo) through a nano-573 electrospray ion source. Peptides were separated on 50 cm PepMap® C18 easy spray 574 columns (Thermo) with an inner diameter of 75 µm. The column temperature was kept 575 at 40 °C. Peptides were eluted from the column with a linear gradient of acetonitrile 576 from 10%-35% in 0.1% formic acid for 118 min at a constant flow rate of 300 nl/min. 577
Western blot 530
Eluted peptides from the column were directly electrosprayed into the mass 578 spectrometer. Mass spectra were acquired on the Q ExactivePlus in a data-dependent 579 mode to automatically switch between full scan MS and up to ten data-dependent 580 MS/MS scans. The maximum injection time for full scans was 50 ms, with a target 581 value of 3,000,000 at a resolution of 70,000 at m/z = 200. The ten most intense multiply 582 charged ions (z=2) from the survey scan were selected with an isolation width of 1.6 583 repetitive sequencing, the dynamic exclusion of sequenced lipids was set at 10 s. 618
Peaks were analyzed using the Lipid Search algorithm (MKI, Tokyo, Japan). Peaks 619 were defined through raw files, product ion and precursor ion accurate masses. 620
Candidate molecular species were identified by database (>1,000,000 entries) search 621 of positive (+H + ; +NH4 + ) or negative ion adducts (-H -; +COOH -). Mass tolerance was 622 set to 5 ppm for the precursor mass. Samples were aligned within a time window and 623 results combined in a single report. From the intensities of lipid standards and lipid 624 classes absolute values for each lipid in pmol/mg protein were calculated. Data are 625 displayed as mol% of total lipids measured. 626
Pho8-Assay 627
Cells are grown to log phase in SDC medium (or SDC-inositol for control 628 samples) and were incubated with 500 µM auxin or EtOH for 90 min (or 1 mM inositol 629 samples were centrifuged at maximal speed for 2 min and the absorbance measured 640 at 400 nm (Klionsky, 2007) . 641 642 Acknowledgments 643 We thank members of the Fröhlich lab for discussions and careful reading of the 644 manuscript. We thank Robbie Loewith, David Teis and Christian Ungermann for 645 sharing of reagents. We thank Stefan Walter for support and maintenance of the mass 646 spectrometer. 
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Vacuoles were isolated from the two strains that were mixed prior to lysis. d) Quantification of 820 the amount (left) and the diameter (right) of purified vacuoles. In average from 5 different 821 samples the amount of vacuoles from IAA induced cells is slightly higher than control vacuoles.
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Purified vacuoles from mock treated and IAA treated cells show no significant difference in 823 vacuolar diameter. 
